Hepatocytes from rats that were fed ethanol chronically for 6-8 wk were found to have a modest decrease in cytosolic GSH (24%) and a marked decrease in mitochondrial GSH (65%) as compared with pair-fed controls. Incubation of hepatocytes from ethanol-fed rats for 4 h in modified Fisher's medium revealed a greater absolute and fractional GSH efflux rate than controls with maintenance of constant cellular GSH, indicating increased net GSH synthesis. Inhibition of y-glutamyltransferase had no effect on these results, which indicates that no degradation of GSH had occurred during these studies. Enhanced fractional efflux was also noted in the perfused livers from ethanol-fed rats. Incubation of hepatocytes in medium containing up to 50 mM ethanol had no effect on cellular GSH, accumulation of GSH in the medium, or cell viability. Thus, chronic ethanol feeding causes a modest fall in cytosolic and a marked fall in mitochondrial GSH. Fractional GSH efflux and therefore synthesis are increased under basal conditions by chronic ethanol feeding, whereas the cellular concentration of GSH drops to a lower steady state level. Incubation of hepatocytes with ethanol indicates that it has no direct, acute effect on hepatic GSH homeostasis.
Introduction
Glutathione (GSH) is a tripeptide that plays a very important role in cell defense (i). Cellular GSH exists as two metabolically independent pools, the bulk of which (85-90%) is localized in the cytoplasm, whereas the remainder is compartmentalized in the mitochondria (2) . During aerobic metabolism, mitochondria consume molecular oxygen producing some oxygen-free radicals and hydrogen peroxide (H202) (3, 4) . GSH is critical in reducing H202 as well as organic peroxides-breaking the chain of reactions leading from superoxide anion to the active hydroxyl radical through intermediate H202-by the action ofglutathione redox cycle (5) . When mitochondrial GSH (6, 7) is severely depleted, cell viability may be lost, although as to how general a phenomenon this may be remains controversial (8) .
The status of hepatic GSH after acute or chronic exposure to ethanol has been a matter ofintense investigation. Large doses of ethanol deplete hepatic GSH in vivo (9) and in vitro (10) by mechanisms that are not yet clear. It has been suggested that acute GSH depletion by ethanol is caused by an acetaldehyde adduct (10) or by impairing GSH synthesis (1 1, 12) . The reports of the effect of chronic ethanol exposure on hepatic GSH have been inconsistent with decreases, increases, or no changes observed in GSH levels (13) (14) (15) . No work has been done to define the effect of ethanol on the small but vital mitochondrial pool ofGSH. Since mitochondria are an important target for ethanol toxicity (16, 17) , it is important to know if selective depletion of mitochondrial GSH occurs with acute or chronic ethanol exposure.
The aims of the current studies were to determine the effect of chronic ethanol feeding on the compartmentation of hepatocytic GSH and efflux ofcytosolic GSH under steady state conditions, the contribution ofdegradation by y-glutamyltransferase (y-GT)' to GSH levels in cells and medium, and the effect of incubations in the presence of ethanol. and succinic dehydrogenase (SDH). The recovery of SDH and LDH in the mitochondrial pellet averaged 10.4% and 0.23%, respectively, from pair-fed controls and 9.7 and 0.25%, respectively, from ethanol-fed liver. Thus, correction for contamination with cytosolic GSH could be neglected and the nearly identical recovery of mitochondria in the two groups validates correcting the recovered mitochondrial GSH for mitochondrial recovery.
Cell isolation and incubation. Hepatocytes were isolated according to the method of Moldeus et al. (20) . The viability of the cells was ascertained by the trypan blue exclusion: routinely, 94-97% of the cells excluded 0.2% trypan blue. The cells were resuspended in modified Fisher's medium and maintained at 20'C in a rotating round-bottom flask without loss of viability. Cells were incubated at 370C in 25-ml Erlenmeyer flasks at concentrations of 2 X 106 to 3 X 106 cells/ml in an orbital-shaker bath under the atmosphere of 95% 02/5% C02 for 4 h.
At hourly intervals, 0.5-ml aliquots were removed for fractionation of cells and for GSH determination in the cytosol, mitochondria, and medium.
In some incubations, ethanol in vitro at concentrations of 10, 20, and 50 mM was included in the medium and the incubation continued for 4 h as described above.
Separation ofcytosol and particulate fractions. At various times of incubations plasma membrane of cells was selectively disrupted by digitonin according to Andersson et al. (21) . Briefly, in 1.5-ml Eppendorf tubes containing from the bottom: 0.1 ml 40% glycerol; 0.5 ml siliconemineral oil mixture; and a 0. l-ml top layer of 19.8 mM EDTA, 250 mM mannitol in 17.0 mM Hepes, pH 7.4, a 0.5-ml aliquot of the cell suspension was mixed with the top layer and centrifuged at 13,000 g in a microfuge at room temperature for 3 min. Separation of cytosolic and mitochondrial compartments was achieved by including 0.24 mg/ml digitonin in the Hepes buffer. A sample from the supernatant was withdrawn and kept to measure enzyme activities; oil mixture was carefully removed and discarded without perturbing the glycerol layer. 0.4 ml Krebs-Henseleit buffer and 0.1 ml 10% Triton X-100 were added to the glycerol layer followed by 15-20 s of sonication. Samples from the s-upernatant and glycerol layer were assayed spectrophotometrically for LDH and SDH activities as described by Veeger et al. (22) and compared with whole cells lysed with Triton X-100. Liver perfusion. Rats were anesthetized with 50 mg/kg pentobarbitol i.p. and given 50 IU heparin i.v. Liver of both controls and ethanoltreated rats were perfused in situ, single pass with Krebs-Ringer bicarbonate buffer gassed to equilibrium with 95% 02 and 5% CO2 of pH 7.4 at 370C as previously described (23, 24) . We continuously monitored the 02 tension in the inflow and outflow lines to determine the rate of 02 uptake by the liver. GSH was measured in the effluent samples. (26) . Assays. Total cellular or mitochondrial GSH plus GSSG content was determined after extraction with 10% trichloroacetic acid (1:1 vol/vol) by using the method of Tietze (27) . Some samples were spoi checked for GSH and GSSG by using the high performance liquid chromatography (HPLC) method of Reed et al. (28) .
Statistical analysis. Data were expressed as the mean and standard deviation. Statistical evaluations between sample means were made by the two-tailed Student's t test. P < 0.05 was used as the criterion of significance.
Results
Fractionation ofhepatocytes by digitonin. A rapid separation of mitochondria from soluble fraction was achieved by treatment of the cell suspension with digitonin, followed by immediate centrifugation. By using 0.24 mg/ml of digitonin, > 98% of the cytosolic marker, LDH, was recovered in the supernatant and 1.3% in the pellet (glycerol layer) for both control and ethanoltreated cells (Table I ). This shows that there was almost complete disruption of plasma membrane and virtually no cross-contamination. Since only 3% of the mitochondrial marker, SDH, was released into the supernatant for both control and ethanol-treated hepatocytes, mitochondria were recovered intact in the glycerol layer.
Effect of chronic ethanol administration on hepatic GSH.
Cells from both control and ethanol-treated rats were used immediately after isolation for total cellular GSH determination and for disruption ofplasma membrane by digitonin to measure the cytosolic and mitochondrial GSH content. Results in Fig. 1 show that chronic ethanol administration significantly decreased the GSH content of whole cells, cytosol, and mitochondria with To verify that the mitochondrial GSH depletion in freshly isolated cells from ethanol-fed rats was not an artifact of cell isolation, we determined GSH in the mitochondrial pellet and cytosol prepared from whole liver of two ethanol-fed and two pair-fed rats. The cytosolic GSH in ethanol-fed rats was decreased by 30%, whereas the mitochondrial GSH was decreased by 63% vs. control, confirming the findings in isolated cells.
GSH in cells and medium during 4-h incubations. Hepato-
cytes from control and ethanol-treated rats maintained total GSH levels ( Fig. 2) as well as relative mitochondrial and cytosolic levels (not shown) nearly constant throughout 4 h ofincubation in medium without sulfur amino acids. GSH continued to accumulate extracellularly during the experiments. During the 1st h the absolute amount ofGSH accumulated in the medium was significantly greater with ethanol-treated cells despite a somewhat lower cellular GSH (Table II) . After the 1st h the rate of accumulation was parallel in both groups. Since GSH in cells remained nearly constant while medium GSH increased, the total GSH increase in the system (cells plus medium) represented a minimum estimate of net synthesis (not accounting for degra- Inhibition of y-GT. In normal liver it is well known that efflux of GSH at steady state nearly matches total turnover and thus synthesis. However, we considered the possibility that ethanol might induce cell surface or intracellular y-GT that might lead to hydrolysis of GSH and underestimation of its accumulation in cells or medium.
We found no differences in total cellular y-GT in hepatocytes from control and ethanol-fed rats. Preincubation for 15 min with AT-125 lead to nearly complete loss of enzyme activity (not shown). AT-125 pretreatment had no effect on the levels of GSH in cells or medium from either group over the course of 4-h incubation (Table III) . Thus, we could be confident that no degradation of GSH had occurred in our system. Therefore, GSH efflux represented net synthesis at near steady cellular GSH.
GSH efflux from the perjused liver. To verify the increased efflux seen in the 1st h ofincubation ofcells from chronic alcoholfed rats, we examined the steady state efflux in a more physiologic organ model (i.e., the isolated, perfused liver). A significant increase in efflux was observed from the chronic ethanol-fed rat liver that was even more pronounced as a fractional rate (Table  IV) . The addition of 50 mM ethanol to the perfusion, to our surprise, had absolutely no effect on the release ofGSH into the perfusate. This finding prompted a detailed examination of the effects of ethanol added to the incubation medium of isolated hepatocytes from control and ethanol-fed rats.
Effect ofincubation ofcells with ethanol. When hepatocytes were incubated with 10, 20, or 50 mM ethanol over 4 h, no effect on cell viability (Fig. 3 ), cellular GSH, or medium GSH (Fig. 4) We could not identify a direct, acute effect of ethanol or its metabolites in isolated hepatocytes on the concentration of cellular GSH or on the accumulation of GSH in the medium. In a previous report (10) , a decreased GSH is observed with acute ethanol administration to hepatocytes. According to those data, the potentiation of the acetaldehyde effect by using an inhibitor of aldehyde dehydrogenase (disulfir) showed that the effect 
